We sampled chydorids (Branchiopoda, Anomopoda) from 29 Irish lakes between June 1996 and July 1997 in order to assess the usefulness of this group as an indicator of lake ecological quality, as required by the recently published EU Water Framework Directive. The lakes represented a wide range of the physicochemical conditions found in Irish lakes. We identified 31 species of Chydoridae from the lakes and used multivariate analysis to elucidate the relationship between the chydorids and their environment. Groups of lakes were found to have distinct chydorid communities, the structure and composition of which depended on environmental variables such as total phosphorus, total nitrogen, alkalinity, conductivity and lake size. The study highlights the potential value of this group as a biotic indicator of ecological change in Irish lakes.
INTRODUCTION
Irish lakes are generally considered to be of good quality compared with those in other European countries, and more than 81% of 120 Irish lakes surveyed recently were classed as oligotrophic or mesotrophic (Lucey et al. 1999) . However, the fragility of freshwater ecosystems in Ireland is becoming more apparent, with frequent reports of fish kills and toxic algal blooms. Eutrophication has become increasingly prevalent over the past 30 years and is attributed mainly to diffuse nutrient runoff from agriculture (Lucey et al. 1999) . In some parts of the country, acidification is also a problem. Atmospheric deposition has acidified some freshwaters in Ireland (Bowman 1991; Flower et al. 1994; Farrell et al. 1997) , and acidification associated with coniferous afforestation is a growing problem in some catchments in the west of Ireland (Allott et al. 1990; . The recent official publication of a European directive (CEC 2000) establishing a framework for Community action in the field of water policy is therefore timely. The Water Framework Directive (WFD) requires member states to establish monitoring schemes for their surface waters and has led to much discussion concerning the definition of ecological quality and the metrics suitable for assessment (Pollard and Huxham 1998) .
In choosing the biotic groups to be included in a monitoring scheme, several issues must be addressed. The first is that the group as a whole has to be sensitive to subtle directional and impactdriven changes in the ecological processes of the lake. Some evidence indicates that chydorids are sensitive to ecological change. Increases in productivity have been associated with increased species richness and abundance (Harmsworth and Whiteside 1968; Dodson 1992) . Chydorus sphaericus (O.F. Müller) has been shown to increase in lakes undergoing eutrophication (Whiteside and Harmsworth 1967; Whiteside 1970; Duigan and Murray 1987; Hofmann 1996; Mezquita and Miracle 1997; Brodersen et al. 1998) . Several studies have shown that chydorid species richness decreases in lakes with low pH values (Carter 1971; Fryer 1980) , although some authors report an increase in diversity when the pH value falls below 6.0 (Chengalath 1982; Nilssen and Sandøy 1986) . Certain chydorid species, such as Chydorus piger Sars, Alona intermedia Sars and Alonopsis elongata (Sars), have been associated with low alkalinities (Whiteside 1970; Fryer and Forshaw 1979; Fryer 1980; Duigan and Kovach 1991; . Changes in habitat structure and waterbody size may also bring about changes in chydorid species richness (Smyly 1958; Whiteside et al. 1978; Fryer 1985; Rundle and Ormerod 1991; Dodson 1992; Bos et al. 1999) .
A second issue to be addressed when using biota in lake assessment is that the group's taxonomy should be relatively easy to master so that it can be readily applied to a monitoring scheme. At least two keys can be easily applied to Irish Table 1 for key to abbreviations. Note that Lough Gara (Ga) is represented in Table 1 as Lough Gara north (Gn) and south (Gs).
chydorid species (Scourfield and Harding 1958; Amoros 1984) , as can several recent taxonomic papers (Duigan and Frey 1987; Duigan and Murray 1987; Duigan 1992) . The geographical distribution and ecology of chydorids in Ireland have been well documented (Duigan 1992) . It has been shown that they comprise three geographically distinct lake groups, with several taxa having distributions restricted to these lake groups (Duigan and Kovach 1991) . With fewer than 40 species, a monitoring scheme based on chydorids may be more feasible than one based on the littoral macroinvertebrate community.
Finally, it is desirable that biota used in a 'state change' monitoring approach (in which ecological quality is defined relative to the natural state of the lake) can be traced over long periods of time by means of palaeolimnology. This can be used to validate conclusions made about changes in community structure in response to environmental changes and also to determine baselines. Pseudofossils of cladocerans, and chydorids in particular, have been widely used to reconstruct changing trophic or acid status (Frey 1960; Harmsworth and Whiteside 1968; Whiteside 1970; Boucherle and Züllig 1983; Hofmann 1987; Hann et al. 1994; Jeppensen et al. 1996; Brodersen et al. 1998) and to infer changes in macrophyte and fish communities (Leavitt et al. 1989; Stansfield et al. 1989; Miskimmin et al. 1995) . Some Irish lakes have already been the focus of palaeolimnological studies in which cladocerans were used to recon-struct lake history (Murray 1979; Douglas and Murray 1987; Wood et al. 1990 Wood et al. , 1996 .
The aim of this study was to assess whether the ecological conditions of Irish lakes can be defined in terms of characteristic chydorid communities and whether chydorid communities can be used in lake monitoring and assessment programmes. In this paper we present the results of a spatial state analysis conducted over a fifteenmonth period on present-day chydorid communities (rather than on subfossils from cores) and we assess the applicability of these communities to 'state change' monitoring methods.
MATERIALS AND METHODS
We studied the chydorid communities of 29 Irish lakes (Fig. 1, Table 1 ) between July 1996 and September 1997. The lakes had a wide range of physical and chemical characteristics ( Table 2 ). The three geographically distinct groups of sampling sites-Western, Central Lowlands and Countrywide-identified by Duigan and Kovach (1991) are represented in the 29 lakes chosen for this study. Each lake was sampled on seven occasions: July and September 1996 and January, April, June, July and September 1997.
Complicated, time-consuming sampling methods are unlikely to be used routinely by competent authorities charged with monitoring lakes, and this study was designed specifically to test the usefulness of this taxonomic group for lake-monitoring purposes. Although the sampling methodology could be considered minimalist, it was designed to be quickly and easily replicated in routine monitoring programmes. To sample the chydorids, an FBA net (mesh size 240mm) was swept for 12s over 1m of the lakebed, which had previously been disturbed by the sampler. We took the samples from the littoral zone of each lake in a depth of approximately 30cm and recorded the Where possible, a stony substratum was sampled, and samples were taken from the same location on each visit. Samples were preserved in 70% alcohol. In the laboratory we extracted 5ml subsamples randomly from the samples using a wide-bore pipette (Bottrell et al. 1976) , and we identified and enumerated all chydorids. We counted subsamples until a minimum of 50 individuals of the most common species had been recorded.
Water samples were collected from the deepest point of the lake with a 6m plastic tube on each sampling occasion. In lakes with a maximum depth of B6m, the water samples were taken at elbow depth from the boat. We measured total phosphorus (TP), total nitrogen (TN), chlorophyll a, pH, alkalinity, calcium, conductivity, turbidity and colour in the laboratory using standard methods (Eisenreich et al. 1975; Standing Committee of Analysts 1980; Caulcutt and Boddy 1983; Mackereth et al. 1989) . On each sampling occasion, we measured lake depth, temperature, oxygen and Secchi depth. Macrophyte species richness was recorded in 1996. We calculated lake size and mean depth using maps and geographic information systems (GIS). Full methodologies are given in Irvine et al. (2001) . Although the water chemistry at the deepest point in a lake may differ somewhat from that of the littoral zone (where the chydorids were sampled), we considered that measurements from the deepest point in the lake would give the best indication of the general lake type.
We used the computer package PRIMER to perform non-metric multidimensional scaling (MDS), an ordination technique enabling the data points for the 29 lakes to be ordered in two dimensions according to the differences among their chydorid communities. The dissimilarity matrix on which the MDS is based was produced by calculating the differences among chydorid communities on the basis of Euclidean distances between lakes. We did not use Bray-Curtis similarities, which are more often associated with biological data (e.g. Brodersen et al. 1998 ), because we considered joint absences (ignored when calculating Bray-Curtis similarities) to be important to the analysis. Species abundances were averaged over the seven-month sampling period, converted to proportional abundances and double-squareroot transformed to reduce the impact of dominant species on the analysis. In conjunction with MDS of the data, cluster analysis (between-group average) was carried out to determine groupings of lakes in relation to chydorids present. Clusters were overlaid on the MDS plot to confirm the validity of the ordination of lakes with similar characteristics. The cluster analysis was based on the same dissimilarity matrix as the MDS ordination. We used the SIMPER programme in PRIMER to examine which species were important in determining differences among lakes. SIMPER calculates the contribution of each species to the average Bray-Curtis dissimilarity between two groups of samples and to the average similarity within a group (Clarke and Warwick 1994) . We used the BIOENV programme to select the environmental variables that best explained the patterns observed in the MDS chydorid commu- nity ordination. BIOENV works by maximising rank correlations between the similarity matrices calculated from the community data and from combinations of the environmental variables (Clarke and Ainsworth 1993) . Environmental variables were transformed by log(x + 1) where necessary. We carried out Spearman rank correlations of proportional abundances of individual species with environmental variables to determine whether monotonic relationships were present.
RESULTS
In all, we identified 31 species of Chydoridae from the 29 study lakes (Table 3 ). Most of the lakes supported a total of more than ten species, although some, such as Egish, Ramor, Easky and Pollaphuca, had quite depauperate communities ( Table 2 ). The maximum number of species found at any one time was eleven from Lough Dan. C. sphaericus, Alona affinis (Leydig), A. elongata, Monospilus dispar Sars and Eurycercus lamellatus (O.F. Müller) were dominant in many samples. Chydorid abundance and diversity were greatest in all lakes during the summer and generally low in winter. In lakes where chydorids were found in winter, for example Ballycullinan, Dan, Lettercraffroe, Cullaun and Mullagh, the community was dominated by C. sphaericus, A. affinis or A. elongata.
The MDS ordination of the lakes, based on the proportional abundances of chydorid species, was strongly influenced by the presence of eight species: C. sphaericus, A. affinis, C. piger, A. elongata, M. dispar, E. lamellatus, Alona quadrangularis (O.F. Müller) and Alona costata Sars (Fig. 2) . The stress value for the graph was quite high at 0.21, but when the results of a cluster analysis were overlaid on the graph, the two techniques were shown to be in close agreement, implying that the ordination was adequate. When the clusters were split at a ranked Euclidean distance of 120, six groups with similar chydorid communities were formed (Table  4) . One lake (Doolough) was quite distinct from all the others, owing to a high proportion of C. piger. Five lakes (Ballycullinan, Dromore, Egish, Gara south and Lickeen) had high proportions of C. sphaericus, as well as A. affinis and E. lamellatus, and so were placed close together on the ordination. Three other lakes (Inchiquin, Moher and Oughter) also had high proportions of C. sphaericus, but they were clustered separately from the previous group, as A. quadrangularis and M. dispar were also important in the community. A large group of lakes (Graney, Ballyquirke, Lene, Muckno, Mullagh, Gara north, Gowna and Ramor) were characterised by a mixed community of A. affinis, C. sphaericus and M. dispar. The fifth group of lakes (Bray, Dan, Maumwee, Feeagh, Easky and Pollaphuca) was separated from the rest owing to high proportions of A. elongata, as well as A. affinis, C. sphaericus and M. dispar in some cases. The last group of lakes (Lettercraffroe, Bunny, Owel, Cullaun, Rea and Talt) were characterised by a mixed community dominated by A. affinis, C. sphaericus and A. costata.
The BIOENV analysis of the physical and chemical characteristics of each lake suggested that a combination of seven environmental variablesconductivity, lake size, TP, calcium, alkalinity, turbidity and TN-provided the best explanation for the MDS ordination (z W = 0.43; weighted Spearman rank). This result supports the view that these variables are good descriptors of chydorid species distribution. The role of environmental variables is also reflected in the MDS ordination graph (Fig. 2) , in which nutrient concentrations, conductivity, pH alkalinity and calcium concentrations generally decrease from left to right. Hence, the more productive, alkaline lakes are on the left-hand side of the ordination graph, whereas the less productive, acid lakes are on the righthand side (Fig. 2) .
When proportional abundances of individual chydorid species were correlated with the environmental variables, several significant relationships were found (Table 5) . Different species have contrasting relationships with some environmental variables, as indicated by the frequency with which they occur in certain lake types. For example, pH is positively correlated with proportional abundances of C. sphaericus but negatively correlated with C. piger. TN concentrations are positively correlated with E. lamellatus but negatively correlated with A. elongata. DISCUSSION MDS ordination and subsequent cluster analysis associated groups of lakes with distinct chydorid communities, each having a different combination of species. The pattern produced by the species data could be correlated with a combination of environmental variables. The BIOENV analysis indicated that conductivity and TP concentrations and, to a lesser extent, turbidity, calcium concentrations, TN, alkalinity and lake size were good descriptors of chydorid community structure. Several of these variables are intercorrelated but are generally related to the trophic and acid status of lakes, indicating that these two factors strongly affect the differences in chydorid community structure among lakes. The size of the lake and the nature of its littoral zone also appear important for the determination of chydorid distribution.
The main species influencing the clustering of lake types were A. elongata, C. sphaericus and A. affinis, and to a lesser extent, C. piger, E. lamellatus, M. dispar, A. quadrangularis and A. costata (Whiteside 1970; Robertson 1990; Duigan 1992) . This may be why it was found to be particularly dominant in lakes such as Pollaphuca, Ramor, Muckno, Rea and Lickeen. The littoral zones of all these lakes have poor macrophyte growth (none in Pollaphuca and Ramor) and the shores from which the samples were taken are frequently wave-washed.
A. elongata was the characteristic species in Cluster 5, which is composed of six lakes. Five of these are in mountainous, peaty areas and have relatively low pH values, low productivity and low average temperatures. High abundance of A. elongata in this type of lake is consistent with tolerance to low alkalinities and low pH (Crisp and Heal 1958; Whiteside 1970; Duigan 1992; Duigan and Kovach 1994) . The exception to this pattern was Lough Cullaun, a calcareous alkaline lake in County Clare. Indeed, we found A. elongata in several of the calcareous lakes in the survey, including Bunny and Rea. It is apparent, therefore, that although A. elongata is commonly found in acid lakes (Fryer 1993) , it is not restricted to them. However, nutrient enrichment does appear to lead to local extinction of A. elongata, as we did not find it in any of the more productive lakes in the study. Water temperature may also be a factor in the distribution of A. elongata, as we did not find it in any lakes with a maximum water temperature higher than 19.5°C. This evidence concurs with the marked northerly distribution of A. elongata in Great Britain (Fryer 1993) .
C. sphaericus was the most abundant species in several of the 29 lakes and was present in 28 of them. It is probably the most ubiquitous chydorid species in Ireland (Duigan 1992) and is tolerant of a wide range of conditions (Fryer 1993) . It has been widely reported that a high proportion of C. sphaericus may indicate eutrophication (Whiteside and Harmsworth 1967; Whiteside 1970; Duigan and Murray 1987; Hofmann 1996; Mezquita and Miracle 1997; Brodersen et al. 1998) . The data from this study support that view, with the more productive lakes in the survey (Egish, Ballycullinan, Oughter and Mullagh) found to have the highest proportions of this species. C. sphaericus was the characteristic species in Clusters 2 and 3 of the MDS ordination and was present to a lesser extent in Cluster 4. All of these clusters were associated with high trophic status, conductivity and calcium concentrations. Nutrients per se are probably not important for chydorid distributions, but the changes that nutrient enrichment causes in habitat structure and trophic relations are (Whiteside 1970; Rasmussen 1988; Rundle and Ormerod 1991; Miskimmin et al. 1995) . C. sphaericus is known to be the chydorid species most suited to a planktonic lifestyle, owing to its ability to use algal filaments as a substratum and a food source (Fryer 1968; Havens 1991) ; this is probably why it is found in large numbers in eutrophic lakes.
Although the environmental variables provided a good basis for explaining the distributions of chydorid communities, the relationships were Brodersen et al. 1998; Bos et al. 1999) . A number of factors may account for this. Firstly, we used a collection of living animals in this study, whereas the use of pseudofossils from surficial sediments may provide a more complete picture of the chydorid community. Secondly, acid and highly eutrophic lakes may have been underrepresented in the range of lakes chosen for the study. Finally, many factors, including habitat structure, predation, littoral macrophyte diversity and disturbance, affect chydorid communities but are difficult to integrate into a data set of environmental variables. Nevertheless, this study indicates that chydorid communities appear to be a good indicator of the current ecological status of Irish lakes. The relationships shown in Table 5 have the potential to be particularly useful in deciding which species are characteristic of high ecological quality. The decline of these species (e.g. Alona excisa and A. elongata) and the increasing prevalence of the more tolerant species (such as C. sphaericus and Pleuroxus uncinatus), combined with a decrease in species diversity, may serve as an indicator of deteriorating lake ecology. As the chydorids are found mainly in the littoral, they may be particularly useful as an indicator of the early stages of anthropogenic disturbance, which may manifest initially in the littoral zone (McGarrigle et al. 1993) . Although this study has shown that the chydorid communities can be used to identify certain characteristics of lake ecology over a broad range of lakes, chydorids can also be used to monitor changes within lakes over time. To achieve this, palaeolimnological techniques can be used to make baseline estimates of community composition, which can then be compared with current community composition to identify any changes that have occurred. This method has been used successfully in Denmark (Jeppensen et al. 1996; Brodersen et al. 1998) to identify changes in trophic status. Similarly, the expansion of the Irish data set to enable the development of reliable calibration models and transfer functions would provide a very useful tool for lake monitoring.
The line of research proposed above is particularly relevant to the Water Framework Directive, which requires that lakes be classified according to ecological quality on a scale ranging from 'bad' to 'high', with the classification being based on deviation from reference conditions. The determination of reference conditions (biological communities representative of undisturbed conditions) for lakes is crucial to the implementation of the WFD but may be problematic. Identifying anthropogenically undisturbed lakes in Ireland will be difficult, particularly for some lake types, and this will hinder the characterisation of representative, spatially based biological communities. However, the WFD does allow reference conditions to be derived by means of predictive models based on palaeolimnology (Annex II, CEC 2000) . Reference ecological conditions could therefore be determined by the use of chydorid pseudofossils taken from sections of lake cores representing undisturbed conditions, and present-day ecological quality could then be determined by the use of samples taken from the littoral zone or from surficial sediments. The benefit of using samples taken directly from the littoral zone is that less taxonomic expertise is required to identify whole animals than to identify subfossils taken from surficial sediments. This study has shown that chydorids are sensitive to those physicochemical variables that are likely to change with increasing anthropogenic disturbance (e.g. nutrient concentrations, turbidity and pH value). The development of this group as an indicator of ecological quality warrants further research and may prove to be extremely useful in the implementation of the Water Framework Directive in Ireland.
